Objective. Risks of brain surgery in elderly patients with brain metastases are not well defined. This study was designed to quantify the postoperative risk for these patients after brain surgery for metastatic disease to the brain. Methods. We performed a retrospective analysis of the Nationwide Inpatient Sample (1998Sample ( -2005. Patients aged 65 years or older who underwent tumor resection of brain metastases were identified by ICD-9 coding. Primary outcome was inpatient death. Other outcomes included systemic postoperative complications, length of stay (LOS), and total charges. Results. A total of 4,907 patients (53.6% men) were identified. Mean age was 72.1 years. Mean Charlson comorbidity score was 7.8. Inpatient mortality was 4%. The most common adverse events were pulmonary complications (3.4%). Mean length of stay was 9.2 days. Mean total charges were $57,596.39. In multivariate analysis, patients up to age 80 years had no significantly greater odds of inpatient death, relative to their 65-to 69-year-old counterparts. Each 1-point increase in Charlson score was associated with 12% increased odds of death, 0.52 days increased LOS, and $1,710.61 higher hospital charges. Postoperative pulmonary complications, stroke, or thromboembolic events increased LOS and total charges by up to 9.6 days and $57,664.42, respectively. These associations were statistically significant (P \ 0.05).
During the 20th century, life expectancy in most developed countries increased by approximately 30 years and continues to increase almost linearly. 5 Coupled with the fact that the incidence of cancer increases with age, an increasingly large proportion of the population is now being evaluated for the treatment of brain metastases. 6 Traditionally, aged 65 years has been widely used as a cutoff for defining elderly. 4, 7 However, many individuals categorized as elderly continue to be physiologically similar to their younger counterparts. 5, 6 The impact of surgery on inpatient complications and outcomes in this older subset of patients has yet to be fully explored.
Brain metastases are associated with poor prognoses, and the optimal therapy is still evolving. 8, 9 Current therapeutic modalities include surgery, stereotactic radiosurgery (SRS), whole brain radiation therapy (WBRT), and chemotherapy.
Several prospective, randomized studies have established the value of surgical resection for the treatment of brain metastases combined with radiation therapy, by relieving mass effect and improving survival, which has now become an accepted therapeutic option for surgically accessible solitary brain metastases. [10] [11] [12] However, surgery also appears to play a role in patients who present with several metastases. It seems that carefully selected patients can benefit from surgery when combined with other modalities, such as stereotactic radiosurgery. Hence, the role and indication of surgery for patients with brain metastases are increasing.
Given the poorly understood contribution of surgical procedures to morbidity and mortality within an aging cancer population, the decision to recommend operative care to elderly patients often remains a difficult one. 13 Although there are large series in the general surgery literature that detail morbidity and mortality among the elderly, including cardiothoracic, vascular, pancreatic, and colorectal procedures, only a handful of studies have analyzed the postoperative outcomes for removal of brain metastases, and none have actively focused on elderly patient outcomes. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] This study was undertaken to help define the inpatient mortality and postoperative complications trends in older patients undergoing surgical resection to remove brain metastases using a national, multi-institutional inpatient database. Through this unique analysis of 4,907 patients, for the first time we are able to quantify in this patient population the inpatient operative risk of patients older than age 65 years who undergo an operation for the removal of brain metastases, providing new risk stratification data to inform operative decision-making.
MATERIALS AND METHODS

Patient Population
We obtained the National Inpatient Sample (NIS) inhospital discharge database for the years 1998-2005, compiled by the Agency for Healthcare Research and Quality (Rockville, MD, USA). 1 The NIS contains discharge information from a stratified random sample of 20% of all nonfederal hospitals in 37 participating U.S. states. More than 1,000 hospitals are sampled by the NIS, with more than seven million patient discharge records per year available. This publicly available, de-identified dataset was exempt for review by the Johns Hopkins Institutional Review Board.
Inclusion and Exclusion Criteria
Inclusion criteria included patients aged 65 years or older with one or more brain metastases who underwent a resection, as identified by ICD-9 diagnosis code (198.3) and ICD-9 procedural code (01.59), respectively.
Characteristics of Interest
Independent patient level variables included patient age, sex, race, Charlson comorbidity score, and type of insurance or primary payer. Age was analyzed as both continuous and categorical variables. Sex was a binary covariate, either male or female. Race was categorized as white, African-American, Hispanic, Asian, Native American, or other. The Charlson score is a well-validated, weighted patient comorbidity index. 28 The Charlson index provides a score accounting for 22 comorbidities, including history of cancer, as well as cardiac, vascular, pulmonary, neurologic, endocrine, renal, hepatic, gastrointestinal, and immune disorders. Type of insurance or primary payer was divided into four categories: Medicare, Medicaid, private insurance, or self-paid.
Outcome Variables
Systemic postoperative complications were identified using the following ICD-9 diagnosis codes: pulmonary complications including acute respiratory distress syndrome (518.81-518.85 and 997.3), stroke (253.5, 998.11, 997.02), thromboembolic complications, including deep venous thrombosis and pulmonary embolism (415, 387, 415.11-415.19, 451.0-451.9, and 453.0-453.9), and cardiac complications (410 and 997.1). The primary outcome was inpatient death. Secondary outcomes included total hospital charges and total hospital length of stay (LOS).
Statistical Analysis
Multivariate logistic and linear regression models were constructed to analyze binary and continuous outcomes, respectively. Multivariate analyses were adjusted for age, sex, race, Charlson comorbidity score, and type of insurance or primary payer. P values \0.05 were considered to be statistically significant. All data were analyzed using the software package STATA/MP 10 (College Station, TX, USA).
RESULTS
Univariate Analysis
A total of 4,907 patients were identified with slight male predominance (53.6%). Mean (median) age was 72.1 (71) years; and most patients were white (87.1%). Patients had a mean (median) Charlson score of 7.8 (8) . The most common systemic postoperative complications were pulmonary complications (3.4%), thromboembolic complications (2.6%), stroke (1.8%), and cardiac complications (1%). Mean (median) length of stay was 9.2 (7) days. Patients had mean (median) total hospital charges of $57,596.39 ($43,175.46) . Overall inpatient mortality was 4% (Table 1) .
Multivariate Analyses
Factors Associated with Inpatient Death In multiple logistic regression models adjusted for age, sex, race, Charlson score, and complications, odds of death increased significantly among patients older than aged 80 years (odds ratio (OR), 1.86; P = 0.049) relative to 65-69 years ( Fig. 1) . Furthermore, each 1-point increase in Charlson comorbidity score was associated with a 12% increased odds of death (OR, 1.12; P = 0.047). Among systemic postoperative complications that occurred during the hospitalization, those patients who developed postoperative pulmonary complications, such as acute respiratory distress syndrome (OR, 7.74; P \ 0.001), stroke (OR, 7.89; P \ 0.001), cardiac complications (OR, 4.22, P = 0.009), or thromboembolic complications (OR, 2.22; P = 0.050) had 7.44 times, 7.89 times, 4.22 times, and 2.22 times increased odds of inpatient mortality, respectively ( Table 2 ).
Factors Associated with Inpatient Complications
In multiple logistic regression models adjusted for age, sex, race, and Charlson score, increasing Charlson comorbidity score was associated with significantly higher odds of stroke and pulmonary complication. Each 1-point increase in Charlson score was associated with 16% increased odds of developing stroke (OR, 1.16; P = 0.049), and 29% higher odds of developing pulmonary complications (OR, 1.29; P \ 0.001). African-American and Asians had 2.38 times and 3.66 times increased odds of postoperative thromboembolic complications (OR, 2.38, P = 0.005; and OR, 3.66, P = 0.008, respectively).
Factors Associated with Hospital Length of Stay
In multiple linear regression models adjusted for age, sex, race, and Charlson score, the following independent variables were associated with significantly longer inpatient LOS: patients aged C75 years (up to 1.82 days increased LOS, P \ 0.001), each 1-point increase in Charlson comorbidity score (0.52 increased days, P \ 0.001), African-American or Hispanic race (2.48 and 1.77 increased days, with P = 0.002 and P = 0.016, respectively) relative to whites, postoperative stroke (increased 9.62 days, P \ 0.001), thromboembolic complications (increased 9.34 days, P \ 0.001), and pulmonary complications (increased 7.80 days, P \ 0.001; Table 3 ).
Factors Associated with Total Hospital Charges
In multiple linear regression models adjusted for age, sex, race, and Charlson score, significantly higher total hospital charges were present among patients aged C80 years ($7,865.77 higher charges, P = 0.01), those with higher Charlson scores ($1,710.61 higher charges, P = 0.003), as well as Hispanics ($32,613.42 higher charges, P \ 0.001) relative to whites. Among complications, those with stroke ($57,664.42 higher, P = 0.001), pulmonary complications ($54,974.63 higher, P \ 0.001), or thromboembolic complications ($49,683.04 higher, P \ 0.001) had higher charges relative to those without complications (Table 4) .
Insurance type was not significantly associated with death, postoperative complications, hospital LOS, or total hospital charges.
DISCUSSION
The population of patients with brain tumors has been aging dramatically in recent decades. 5 More than 25% of the patients with brain metastases are older than age 65 years. [29] [30] [31] This finding is supported by the clinical observation that the frequency of brain metastases increases with age. 32 Although a precise definition of elderly has not been determined, aged 65 years is the most accepted cutoff and is used in the Recursive Partitioning Analysis (RPA) classification. 33 The safety and efficacy of surgical removal of brain metastases for elderly patients has not been fully characterized, potentially complicating the surgical decisionmaking process for such patients and their providers. 25 We report outcomes of 4,907 elderly patients with brain metastases who underwent resection from 1998-2005 from a nationally representative sample of U.S. hospitals.
Charlson Comorbidity Score
Charlson comorbidity score was found to be an important and consistent predictor of outcome. Higher Charlson Data shown in bold-italics = statistically significant relationship comorbidity score was associated with higher risk of mortality (Table 2) , increase LOS (Table 3) , total hospital charges (Table 4) , as well as postoperative stroke, and pulmonary complications. The same trend was reported by Patil et al., in a study using the NIS database. 34 Complication rate and outcome among patients with spinal metastases was positively correlated to the number of preoperative patient comorbidities. 34 Although it may be intuitive that a larger number of preoperative comorbidities would lead to worse outcomes, this was the first time that such a relationship was quantified within this patient population using the NIS. Pietila et al. analyzed the postoperative outcome of 44 patients older than aged 80 years who underwent surgery for removal of brain metastases, glioma, meningioma, or pituitary adenoma. Preoperative cerebrovascular conditioning and the existence of multiple preoperative concomitant diseases were important determining factors for the occurrence of postoperative complications. 35 The relatively high mean (median) Charlson score of 7.8 (8) indicates that the elderly patient population in our study has a relatively high number of comorbidities. 36 
Inpatient Age
Age was a consistent predictor for an outcome in our study. The adjusted odds of inpatient death significantly increased in patients older than aged 80 years, compared with 65-to 69-year-old counterparts (Fig. 1) . We also found that age was a predictor for increasing LOS and total hospital charges. The adjusted odds of increased LOS and total hospital charges significantly increased in patients older than aged 75 and 80 years respectively compared with 65-to 69-year-old counterparts (Tables 3 and 4) .
Surgery in elderly patients has been associated with elevated surgical risk in several reports. 25, 35 However, for the first time, base on multi-institutional data, we define an age cutoff for worse outcome following neurosurgical resection of brain metastases.
Several single-institution studies have reviewed the outcome of elderly patients who undergo resection of brain metastases. [24] [25] [26] 37 Barker et al. in a NIS-based study found that age was an important predictor of death among patients of all ages who underwent craniotomy for resection of brain metastases. However, this study did not specifically report the relative odds of death among the elderly. 18 Pietila et al. concluded that the postoperative mortality of elderly patients was higher than in the general population. However, their study was not powered enough to define an age cutoff beyond which mortality significantly increased within the elderly population, nor did they specify odds of inpatient death. 35 
Postoperative Systemic Complications
Among systemic postoperative complications, stroke, pulmonary, and thromboembolic complications were correlated with higher odds of mortality, increase LOS, and total hospital charges. Interestingly, age was not found to be a risk factor for postoperative systemic complications. Our report is in agreement with what was described by Patil et al., who reported that the effect of postoperative complications on mortality, LOS, and hospital charges was correlated to the number of postoperative complications. One postoperative complication lead to a 7-day increase in the mean LOS, quadrupled the mortality rate, and increased dramatically the hospital charges. 34 The total postoperative complications rate in our study among patients older than aged 65 years was 8.9%. This value is compatible with other single-institution studies, whose values varied from 8-32%. 20, 21, 23, 24, 26, 27, 38 This wide range of complications is associated with the widely varying number of complications studied in these different reports. For example, in the current study we focused on systemic complications, which may explain the relatively low overall complication rate. The most common Data shown in bold-italics = statistically significant relationship postoperative adverse event studied in our report was pulmonary complication, with a rate of 3.4%. This value is higher than the rates reported by several other singleinstitution series, and yet, all other studies were composed of younger patient populations. 23, 24, 26, 27 For example, a 1.8% rate of pulmonary complication was reported by Tan et al. among adult-aged patients who underwent imageguided craniotomies by a single surgeon for the treatment of brain metastases. 39 The median age of the patients in this study was only 58 years, compared with our median age of 71 years. 39 A total of 1.9% of patients in the current analysis had postoperative stroke. Srivastava et al. reported a risk of 1.17% intracranial hemorrhage (ICH) among 776 adult patients with non-small cell lung carcinoma (NSCLC) with brain metastases. 40 This value is slightly lower than in our study. However, Srivastava et al. included only NSCLC origin brain metastases, whereas our series includes metastases from many different primary sites and histologies. Furthermore, almost all patients from Srivastava's series were treated with adjuvant radiation therapy, which is known to decrease angiogenesis, normalize abnormal tumor blood vessels, and thus decrease the risk of ICH; we were unable to quantify with high fidelity the proportion of our patients who underwent adjuvant therapy. Other adverse events, such as thromboembolic complications and cardiac complications, were readily comparable with the results of other series. 21, 23, 24, 26, 27, 41 Race In our study, Hispanics and African-Americans were associated with increased LOS, but only Hispanics had higher total hospital charges compared with whites (Tables 3 and 4) . Race, however, was not associated with increased inpatients mortality when compared with whites. Our study demonstrated that African-Americans and Asians had higher risk of developing postoperative thromboembolic complications compared with whites. It has been published that African-Americans not only have the highest incidence of both idiopathic and secondary venous thromboembolism (VTE) rates, but also have a higher risk for pulmonary emboli (PE) compared with all other racial groups. 42 The incidence of asymptomatic VTE was reported to be high among Asian patients who undergo major orthopedic surgical procedures and who did not receive proper thromboprophylaxis. 43 Less Hispanics, African-Americans, Asians, and Native Americans were included in our study (3.5%, 6%, 1.6%, and 0.1%, respectively) than one would expect from general population-based estimates. 5 Based on the Census Bureau's statistics for the year 2005 in the United States, Hispanic, African-American, Asian, and Native American populations make up 14%, 13%, 4%, and 1% of the population, respectively. 5 This discrepancy in racial or ethnic identification has been reported in several other NIS-based studies and may represent an inherent limitation to the dataset. 18, [44] [45] [46] Additionally, Liu et al. 45 reported in the general surgical literature that African-Americans, Hispanics, and Asians experienced poorer access to certain healthcare institutions for surgical procedures. The American Cancer Society reported that minority populations are more likely to be diagnosed with advanced-stage disease than are whites. 39 Thus, if a patient is diagnosed at a stage in which he or she already has multiple brain metastases, surgical treatment may not be the treatment of choice. This may explain in part the disparity in minority representation in our study.
Descriptive Data
The mortality rate of 4% in the current analysis among elderly patients older than aged 65 years is comparable to the mortality rate seen in the neurosurgical literature, ranging from 0% to 18.2%, based mainly on single-institution studies. 11, 12, 18, 20, 22, [24] [25] [26] [27] 37, 41 In two prospective, randomized trials assessing the value of surgical removal of single brain metastases among all ages, the mortality rates were 4% and 9%. 11, 12 Unfortunately, the limited clinical depth of the NIS database made it impossible in the current study to quantify the number of brain metastases and to correlate it with outcome. Rabadán et al. reported, in a series of 236 craniotomies for resection of gliomas and brain metastases, a mortality rate of 4% among patients older than aged 60 years. 24 Stark et al. reported, in a series of 177 patients who underwent surgical removal of up to three brain metastases a mortality rate of 18.2% among patients older than aged 70 years. 26 This disparity of inpatient mortality between different single institution studies seems to further highlight the importance of utilizing national level data to assess more broadly the outcomes of surgical removal of brain metastases.
Our distribution of patient age, sex, and insurance or payer types is similar to trends seen in previous studies focusing on patients with brain metastases. 17, 18, 20, 21, 37 As we would expect for an elderly population, most coverage is from Medicare, followed by private insurance. Sex and insurance/provider type were not significantly associated with inpatient mortality. This has been previously confirmed by several studies in the neurosurgical literature among patients with brain metastases. 12, 24, 28 In the current analysis, mean (median) LOS was 9.2 (7) days, which is in line with several others brain metastases reports. 23, 25, 47 This LOS is similar to the results of Paek et al. 23 -1 day longer than the 6 days median LOS reported by Mehta et al. 47 and 2 days longer than the report by Sawaya et al. 25 None of the above-mentioned series, however, focused on the elderly population. In a recent multicenter, prospective study of elderly patients who underwent meningioma resection, LOS was even greater than in our reported outcomes, totaling 15.2 ± 18.4 days. 31 
Study Limitations
The NIS provides a powerful tool to study trends and outcome among various patient populations. However, there are inherent limitations with any administrative database that relies on administrative documents and may not always be reported accurately. In addition to its retrospective nature, the data elements within the NIS database are limited to single hospital stays with no outpatient follow-up data available. Moreover, the reported mortality rate in the NIS database is probably underestimated because it is limited to the status at discharge, not the 30-day mortality as accepted by the literature.
Thus, despite the large sample size of the NIS, we were unable to assess long-term outcomes, such as survival or complications that developed several years after procedures. Furthermore, information regarding outpatient follow-up care or complementary treatment, such as WBRT, was not available. The database also does not inherently carry characteristics, such as Karnofsky Performance Score (KPS) or RPA, the location, size, or number of brain metastases, the staging of systemic malignancy, or information on previous oncologic treatments, such as SRS, WBRT, previous craniotomies, or chemotherapy. Such information may help to more fully decide which optional treatment modalities would be best for each patient. Woodworth et al. argued in their study of cerebrovascular patients that administrative databases, such as the NIS, may have certain inaccuracies, such as low sensitivity with regard to endovascular treatment modalities. 48 Interestingly, however, Eichler et al. concluded in their report, based specifically on a population with brain metastases, that relevant health care data elements based on ICD-9 diagnostic coding was both valid and accurate. 42 We approached use of the NIS with care in choosing ICD-9 codes with great specificity to the research question at hand, fully aware of the database's strengths and weaknesses.
Despite its limitations, we believe that our study provides unique and important information regarding operative risk in elderly patients with brain metastases. We defined a new threshold beyond which patients are at higher risk of postoperative inpatient mortality, greater LOS, higher total charges, and a higher number of postoperative complications. Neurosurgical removal of brain metastases among selected elderly patients is feasible. Patients with postoperative pulmonary, cardiac thromboembolic complications, or stroke had higher risk of postoperative mortality. Moreover, we found that age and greater Charlson comorbidity scores were a strong and consistent risk factor for postoperative death, greater LOS, higher total charges, and higher number of complications. Surgical resection of brain metastases within a select group of elderly patients up to the ninth decade of life is feasible. Incorporating both patient age and comorbidity score into preoperative decision making may help to select appropriately the elderly candidates for neurosurgical intervention.
CONCLUSIONS
The current study suggests that neurosurgical removal of brain metastases among selected elderly patients is feasible. Age older than 80 years and higher Charlson comorbidity scores were found to be important prognostic factors for inpatient death, greater LOS, higher total hospital charge, and higher number of postoperative complications, such as stroke, as well as pulmonary, cardiac, and thromboembolic complications.
